A technique called coherent overlaying has been developed for improving the signal-to-noise ratio in plots of radar return vs. time. The essential feature of the technique is a phase corrected summation of pulses which have been scattered by the same point on a target. Several test cases are discussed and the time signature of ATS-3 which was too weak to be extracted by regular processing of Millstone Hill radar data is presented. 
I. Introduction A plot of target return versus time is a very useful output from radar observations of an object. In the simplest of systems it may be the basis for detecting targets. In other systems it may be used to distinguish one target from another. Then again, having such an output in his possession, an analyst can infer target structure or combine his knowledge of the target structure with the observed returned power to infer target motion. In many cases, however, the target return is sufficiently weak that the pulse by pulse signal-to-noise ratio is too low to produce an identifiable signature.
In such cases if the return is periodic, one might combine the data from a number of cycles of target motion to produce a composite graph with greater definition than the single cycle data. We frequently do this using incoherent addition of the returned pulses coming from the same point on the target. If the radar is coherent, there are processing options which can improve the definition of the signature still more.
One such option we call coherent overlaying. It is a technique of improving the signal-to-noise ratio by coherently summing pulses taken from subsequent cycles of target motion. Figure 1 illustrates the coherent overlaying technique. The essential feature of the technique is a phase corrected coherent summation of pulses which have been scattered by the same point on the target. There are two components of the phase variation in the recorded signal. One is from the motion of the target about its center of mass and the second is either from motion of the center of mass with respect to the radar or the residual left after a real time correction for motion of the center of mass. If the second term is not corrected for, pulses scattered by the same point on the target may not add in phase. The phase correction in the coherent overlay allows for removal of this term in the recorded data. It is accomplished by observing the location and motion of a line in the target spectrum and using the corresponding derivatives of phase for the correction terms. If done correctly, there will be negligible phase change from a given point in one cycle to the corresponding point in the next.
Consequently such points will add in phase to give a plot of power versus time which represents a single cycle of target motion but has a signal-to-noise ratio much greater than in the single cycle plots.
II. Mathematical Background
Suppose the recorded pulses from each cycle of target motion are placed in N buffers of length M and let Z.. be the complex received signal which has already been phase-corrected for target motion and ionospheric effects -i is the index in the buffer and j is the buffer number. We define the incoherent sum by 
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The distribution for P , the coherent sum, is found as follows. First note j the distributions of the sums of the real and imaginary terms taken separately are
. Note the mean noise power is a factor of N lower than in the incoherent case.
In the case where signal power alone is present it is readily seen the coherent and incoherent sums give the same result. It follows that the effect of coherent overlaying is to reduce the noise power by N which in effect is an increase of N in the signal-to-noise ratio over the incoherent case.
The relevant statistics of the coherent and incoherent overlays are summarized in Table 1 .
III. Candidate Targets and Implementation Considerations
For the coherent overlay procedure to make sense the target return must be periodic. Beyond this it is required the total duration of data to be processed be less than the time over which the radar system including propagation path is coherent. Of course, the radar PRF should be sufficient to sample all significant variation in cross section. For the time plots to be meaningful one should make the further stipulation that the resultant signal-to-noise ratio be high enough to produce useful results. Depending on the application, the minimum post-processing signal-to-noise ratio is usually around 7 to 10 dB.
All the radars which we have used for satellite observations have been limited in their coherent processing capability by the minimum frequency detent in their local oscillators*. The radars and the corresponding maximum coherent
In all cases we have been able to perform coherent integration over the interval given by the inverse of the oscillator detent. It is likely that conditions exist, particularly for the lower frequencies, during which ionospheric conditions preclude such integration. However, in the data we have examined we have not yet been hampered by such a case. 
processing times are shown in Table 2 . Assuming single cycles of target motion are summed, Fig. 2 has been constructed to show the size of cross section that will result in a signal-to-noise ratio of 10 when M such cycles from a target at synchronous range are coherently overlaid. After the velocity and acceleration corrections are applied pulse by pulse to the data, the data stream is ready to be broken into periods and overlaid. At this point it is usually necessary to deal with a non-integral number of pulses in each period of target return.
The simplest way to handle a non-integral number of pulses in the period is to use several cycles as the basic period. Frequently, a basic period of more than one cycle can be selected so the larger period contains an integral number of pulses and subsequent sets of data match exactly. Unfortunately, the maximum time span over which data can be used for a given overlay is limited by system/ ionospheric coherence, so the maximum coherent gain achievable is decreased by the number of cycles in the basic processing interval.
In order to better use the available data an algorithm for selectively dropping pulses has been implemented. The algorithm treats successive periods to be added as buffers and fills and coherently adds successive buffers until it calculates a slip of over one target cycle plus one half an interpulse period has occurred between the present buffer and either the first pulse in the first buffer or the first pulse in the last buffer after which the correction was made. At this point the next pulse in the data stream is skipped and the addition continues.
The maximum phase error is bounded by the phase change of the target over one-half an interpulse period; as long as this change is not too great, the technique is viable. To date it is the only technique we have used.
IV. Testing the Overlay Algorithm
A major problem in advocating a technique that is meant to produce results that are achievable no other way is in offering a convincing demonstration that the underlying structure is both sound and correctly implemented. The second test of the overlay procedure was performed using data on ATS-3 taken at Arecibo. When the data were recorded a number of samples of matched filter output were taken as shown in Fig. 9 . The effect of the sampling was to provide a channel with strong signal (C3) and one with weak signal (Cl). Fig. 10 shows the coherent overlay of 50 cycles of data from Cl on which the incoherent overlay of strong signal from C3 has been superimposed. The average signal-tonoise ratio was -10 dB in Cl before overlaying. After the overlaying of 50 periods it should be 7 dB. The result actually obtained compares favorably with the C3 results which show a signal-to-noise ratio of 15 dB. Only the third peak of the overlay fails to match well with the "actual" signal of Cl.
V. Time Signature of ATS-3 from Millstone
The major achievement to date in using the coherent overlaying procedure has been the production of a time signature for NASA satellite ATS-3 from the Millstone Hill L-band radar. Radar parameters for the time of observation are shown in Table 3 . In the unprocessed recorded data the average per pulse signal-to-noise ratio was measured as -20 dB. ratio. It merely allows better definition of it by reducing the variance of the noise.
In the incoherent overlay the major spikes of the coherent overlay are seen but no where as clearly as in the coherent case.
The use of the coherent overlay has made possible the extraction of a time signature from data which are of too low a signal-to-noise ratio for regular processing to be meaningful. Work is continuing on producing signatures for other targets as well as considering near real time implementation of the technique.
